Abstract The ability of the liver to regenerate and adjust its size after two/third partial hepatectomy (PH) is impaired in old rodents and humans. Here, we investigated by microarray analysis the expression pattern of hepatic genes in young and old untreated mice and the differences in gene expression profile following PH. Of the 10,237 messenger RNAs that had detectable expression, only 108 displayed a greater than 2-fold modification in gene expression levels between the two groups.
These genes were involved in inflammatory and immune response, xenobiotics, and lipid and glucose metabolism. To identify the genes responsible for the different regenerative response, 10-week and 18-monthold mice subjected to PH were sacrificed at different time intervals after surgery. The results showed that 2463 transcripts had significantly different expression post PH between the two groups. However, in spite of impaired liver regeneration in old mice, cell cycle genes were similarly modified in both groups, the only exception being cyclin D1 gene which was up-regulated soon after PH in young mice, but mostly down-regulated in aged animals. Surprisingly, while in young hepatectomized mice, Yap messenger RNA (mRNA) expression was not significantly enhanced and protein expression essentially reflected the progression into cell cycle, its mRNA and protein levels were robustly increased in the liver of aged animals. Furthermore, a significant change of the age-related expression of the size regulator Yesassociated protein (YAP) was observed. Unexpectedly, while in young hepatectomized mice, Yap mRNA expression was not significantly enhanced and protein expression essentially reflected the progression into cell cycle, its mRNA and protein levels were robustly increased in the liver of aged animals. Moreover, when PH was performed on mitogen-induced enlarged livers, the earlier restoration of the original liver mass compared to animals subjected to PH only led to YAP downregulation concomitantly with cyclin D1 up-regulation. Our data suggest that YAP activation is a size-dependent homeostatic mechanism that does not necessarily reflect cell cycle progression.
Introduction
Aging is a genetically programmed process characterized by a progressive reduction in the efficacy of a biological function in most organ systems. Among the different hypotheses raised to justify the biological alterations associated with aging, two, in particular, seem to provide the best explanation for aging process: the gene's silencing theory (Burzynski 2003 (Burzynski , 2005 and the free radical theory (Praticò 2002) ; the gene's silencing hypothesis is based on the finding that 90 % of human genes are silenced in adult life through deacetylation of the histones, methylation of genes promoter sequences, and the chromatin remodeling. According to the free radical hypothesis, senescence is the consequence of alteration of hepatic oxidation and reduction of detoxifying enzymes that lead to accumulation of reactive oxygen species due to free radical incomplete destruction by the appropriate endogenous defense systems.
The progressive reduction in biological functions associated with aging includes immunoresponsiveness, tissue growth, cell proliferation, and organ capacity to respond to intrinsic and extrinsic stimuli. Several agerelated changes have been well documented, including the increased development of many pathologies of the liver. The most documented age-related changes in the liver consist in a decline in organ volume (in men liver, weight is reduced by about 6.5 % and in women 14.3 %), decrease in hepatic blood flow, increased dense bodies volume, reduced concentration of smoothsurfaced endoplasmic reticulum, and of hepatocyte number (Schmucker 2005; Sheedfar et al. 2013 ). The most important functional effect of all these agingrelated changes is a decrease in the regenerative capacity of the hepatocytes in rodents and humans (Bucher et al. 1964; Fry et al. 1984; Zhu et al. 2014) . Adult liver is a quiescent organ with no basal hepatocyte proliferation; however, in response to injury, hepatocytes can be recruited into an active cell cycle (liver regeneration). The best experimental model for the study of liver regeneration is the 2/3 partial hepatectomy (PH) in rodents in which two thirds of the liver is removed leading to entry into S phase of 99 % of hepatocytes which, in 5-7 days, reconstitute the basal liver mass (Higgins and Anderson 1931) . Several studies have characterized the mechanisms associated to liver regeneration (Fausto et al. 1995; Taub 1996; Michalopoulos and DeFrances 1997) . On a molecular level, the entry of hepatocyte into cell cycle is associated with a cascade activation of cytokines and immediate early genes, including tumor necrosis factor alpha (Tnfa), interleukin-6 (Il-6), and Jun, leading to transcription factors, signal transducer, and CCAAT/enhancer-binding protein-β (C/EBPβ) activation which are responsible for delayed early gene induction that leads to synthesis of cell cycle regulatory proteins (cyclins and cyclin-dependent kinase). Different cyclins exhibit distinct expression and degradation patterns which contribute to the temporal coordination of each mitotic event (Grana and Reddy 1995) . Several studies have demonstrated that in old rodents, the liver's ability to regenerate and to adjust its size after PH is reduced and delayed (Bucher et al. 1964; Fry et al. 1984) . Indeed, while in young rats, DNA synthesis peaks at 24 h after PH, in old animals, the S phase peak is reached at 36 h. Different explanation has been proposed to justify this proliferation defect observed in aged rodents. Among these, Wang et al. (2001) showed that aging process is associated with reduced expression of the cell cycle gene Forkhead Box M1 (Foxm1). Foxm1 has been suggested to be essential in regulating expression of genes involved in cell proliferation since increased levels of this transcription factor stimulate expression of cyclin D1, A2, B1, and B2 and are sufficient to restore cell cycle by promoting gene expression and to potentiate hepatocyte proliferation in aged mice. Furthermore, Iakova et al. (2003) demonstrated that C/EBPα, a transcription factor highly expressed in rodent liver and a strong inhibitor of cell proliferation through inhibition of cyclin-dependent kinases, forms a complex with Rb-E2F4 which binds to E2F, repressing its gene expression and leading to a loss in the proliferative response to PH in old mice.
More recently, the Hippo signaling pathway has been identified to play a key role in restricting organ size by controlling both cell proliferation and apoptosis (Dong et al. 2007; Camargo et al. 2007; Pan 2010) . In mammals, the Hippo pathway is represented by a kinase cascade leading to regulation of the transcriptional coactivator Yes-associated protein (YAP) and transcriptional co-activator (TAZ) with PDZ-binding motif. In rodent liver, YAP overexpression leads to a dramatic increase in size (Dong et al. 2007; Camargo et al. 2007 ). Moreover, the finding that YAP activation occurs during liver regeneration after PH and terminates when the liver to body weight ratio reaches homeostatic levels further supports its crucial role in this process. The present study was designed to investigate, by microarray technology, possible differences in gene expression between young and old livers during compensatory regeneration after 2/3 PH. The old livers were characterized by an impaired hepatic regenerative response after surgery but showed nevertheless increased expression of the cell cycle regulator cyclin D1 and YAP. This discrepancy prompted us to investigate on YAP regulation in an opposite condition, namely liver regeneration in mitogen pretreated enlarged livers, whereby the restoration of original liver mass is achieved earlier than in the livers subjected to PH only.
Materials and methods
Animals and treatment Female CD-1 mice (10 weeks and 18 months old), purchased from Charles River (Milano, Italy), were used. Procedures were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals of the animal ethics committee of this university. Hepatocyte proliferation was induced by 2/3 partial hepatectomy (PH), according to Higgins and Anderson (1931) . Three to six mice per group were used in animal experiments. Mice were killed 3, 6, 12, 24, and 36 h after PH.
To analyze the regenerative response of the liver after 2/3 PH, two additional groups of mice (10 weeks and 18 months old) were given bromodeoxyuridine (BrdU, Sigma Chem. Co., Milan, Italy) continuously in drinking water (1 mg/ml) and were sacrificed 48 h thereafter.
To analyze YAP expression after PH in hyperplastic livers, 10-week-old CD1-mice were administered a single dose of the hepatomitogen 1,4-Bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) (3 mg/kg body weight, Sigma Chem. Co.) 72 h prior to 2/3 PH. All animals received BrdU and were sacrificed 72 h after surgery. Controls were either untreated or subjected to surgery in the absence of mitogen pretreatment.
Histology and BrdU labeling Immediately after killing of the mice, liver sections were fixed in 10 % buffered formalin and processed for staining with hematoxylineosin or immunohistochemistry. The remaining liver was snap-frozen in liquid nitrogen and kept at −80°C until use. For determination of hepatocyte proliferation, mouse monoclonal anti-BrdU antibody was obtained from Becton Dickinson (Becton Dickinson, San Jose, CA), and the peroxidase method was used to stain BrdU-positive hepatocytes. Peroxidase-conjugated goat anti-mouse immunoglobulin was obtained from Dako (Dako EnVision Peroxidase Mouse; Dako Corporation, Carpinteria, CA). Four-micron-thick sections were deparaffinized, treated with 2 N HCl for 1 h, then with 0.1 % trypsin type II (crude from porcine pancreas; Sigma Chem. Co.) for 20 min, and treated sequentially with normal goat serum 1:10 (Dako Corporation), mouse anti-BrdU 1:100, and Dako EnVision Peroxidase Mouse ready-to-use. The sites of peroxidase binding were detected by 3,3′-diaminobenzidine. The labeling index (LI) was expressed as number of BrdU-positive nuclei/100 nuclei. Results are expressed as means±SE of four to five mice per group. At least 2000 hepatocyte nuclei per liver were scored.
Microarray analysis Total RNA was isolated from livers using the guanidium isothiocyanate method (TRIzol; Invitrogen, San Giuliano Milanese, Italy) and purified with RNeasy clean up kit (Qiagen, Hilden, Germany). The young (10 weeks old) and old (18 months old) mice were sacrificed before (0 h) and 3, 6, 12, 24, and 36 h after PH. For each time point, three to six mice were used. RNA concentration was determined with a NanoDrop (NanoDrop, Wilmington, Delaware, USA) spectrophotometer, and its quality was assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies, Milano, Italy). For each time point, 5 μg purified RNA/animal was pooled together to minimize sample-to-sample variations and analyzed together. For each pools, 500 ng of total RNA was synthesized to biotinylated complementary RNA (cRNA) using the Illumina RNA Amplification Kit (Ambion, Inc., Austin, TX). Synthesis was carried out according to the manufacturers' instructions. cRNA concentration and the quality were assessed out as described above.
From each pool, technical replicates were produced and 750 ng cRNA was hybridized for 18 h to MouseRef-8 Expression BeadChips (Illumina Inc., San Diego, CA, USA) according to the protocol provided by the manufacturer. Hybridized chips were washed and stained with streptavidin-conjugated Cy3 (GE Healthcare Milano, Italy). BeadChips were dried and scanned with an Illumina BeadArray Reader (Illumina Inc.).
For data analysis, the intensity files were loaded first into the GenomeStudio Software (Illumina Inc.) to extract the fluorescence values (AVG_Signal), quality control, and gene expression analysis. First, the quantile normalization algorithm was applied on the dataset to correct systematic errors. Using a normalization based upon quantiles, this method normalizes a matrix of probe-level intensities.
For each sample, three technical replicates grouped together and probes with a detection p value below 0.05, corresponding to a false-positive rate of 5 %, were considered as detected. Then, after multiple testing corrections using Benjamini and Hochberg false discovery rate, differential expression analysis was performed and probes with DiffScore ≥20 or ≤−20 (corresponding to a q value of 0.01) and fold differences (FD) ≥2 or≤−2 were considered as differentially expressed.
In particular, to examine the effect of aging on hepatic gene expression, RNA extracted before 2/3 PH from the liver of young (10 weeks control) and old (18 months control) mice were compared. While, to evaluate the effect of liver regeneration 3, 6, 12, 24, and 36 h after 2/3 PH, samples were compared with their age-matched controls.
Raw microarray data have been deposited in the EBI ArrayExpress database (http://www.ebi.ac.uk/ arrayexpress) with accession number E-MTAB-3374.
Functional annotation analysis Transcripts were classified according to their role in biological process, cellular components, and molecular function using Database for Annotation, Visualization, and Discovery (DAVID), Mouse Genome Informatics (The Jackson Laboratory), and GeneCards (Weizmann Institute of Science). For those differentially modulated by aging (0 h old vs 0 h young), Molecular Function and InterPro functional characterization were performed using FIDEA, a server for the functional interpretation of differential expression analysis. Canonical pathways were also examined utilizing PathwayStudio 5.0 (Ariadne Genomics, USA).
Real-time PCR RNA was retro-transcribed using the High Capacity Kit (Life Technology, Monza, Italy). Analysis of Ccnd1, Cdk4, Jun, Fos, Cdkn1a, and Cebpa was performed using specific TaqMan probes: M m 0 0 4 3 2 3 5 9 _ m 1 , M m 0 0 7 2 6 3 3 4 _ s 1 , M m 0495062_s1, Mm00487425_m1, Mm00432448_m1, and Mm00514283_s1 (Life Technologies). Gapdh was used as endogenous control. The experiments were carried out in triplicate on a pool of livers per group/time. Relative differences in gene expression were evaluated according to the comparative ΔΔCt method using untreated old and young mice as calibrators to which all hepatectomized old and young mice, respectively, were compared.
Western blot analysis Total cell extracts were prepared from frozen livers as described previously (Ledda- Columbano et al. 2004 ). For cyclin D1, D2, D3, and YAP, 100 mg of total extracts was prepared. The following antibodies were used: mouse monoclonal antibodies against cyclin D1 (72-13), cyclin D2, cyclin D3, and proliferating cell nuclear antigen (PCNA) (Santa Cruz Biotechnology, CA); actin (clone AC-40) (Sigma Chem. Co) and albumin (Bethyl Laboratories, Montgomery, TX, USA); and rabbit polyclonal antibodies directed against Yap and Phospho-Yap (Cell Signaling Technology, Danvers, MA, USA). Anti-mouse and antirabbit horseradish peroxidase-conjugated IgGs were from Santa Cruz Biotechnology.
Results
Age-related gene expression profile in young and aged untreated mouse liver To examine the effect of aging on hepatic gene expression, RNA was extracted from the liver of young (10 weeks) and old (18 months) mice and the analysis of the gene expression profile was performed by RNA microarrays. A comparison of livers from young and old mice revealed that aging is associated with minor modification at the RNA level (Fig. 1a) ; indeed, of 10,237 transcripts, only 108 (1.05 %) displayed a greater than 2-fold (FDR adjusted P value of ≤0.05) modification in gene expression levels compared to young mice. Among these genes, 49 were upregulated with age and 59 were down-regulated (Fig. 1b  and Supplementary Table 2) ; the pathways most significantly modified by aging were those related to inflammation and immune response (up-regulated), with xenobiotic and several other metabolic pathways, such as those involved in lipid and glucose metabolism being downregulated. In particular, six genes associated with inflammation showed an age-associated increase, namely serum amyloid A1-, 2-, and 3-(Saa1, Saa2, Saa3); orosomucoid 2-; haptoglobin-; and lipopolysaccharidebinding protein. Serum Amyloid A (Saa) is a component of a group of major acute phase proteins, and its expression increases in response to infection or systemic inflammation. In agreement with previous works (Vranckx et al. 1995; Ballou et al. 1996) , the present study found that the expression levels of this gene family (consisting, in mouse, of three active genes, Saa1, Saa2, Saa3) were 9-to 55-fold higher in old mice compared to young animals. These results suggest that inflammation is a component of aging process in the liver, according to the concept of the existence in aged animals of a state of chronic inflammation in the absence of Bstressors.^Genes involved in immune response were also up-regulated in aged liver; particularly striking was the 40-fold increase in the expression of lipocalin 2, a novel autocrine and paracrine adipokine, which acts as an antagonist of inflammatory molecules. Our data also showed that aging is associated with changes in the expression of several genes related to cholesterol metabolism; indeed, we observed downregulation of insulin-induced gene 1 (Insig1), squalene epoxidase (Sqle), and lanosterol synthase (Lss). Insig1 plays an important inhibitory role in the SREBP-mediated regulation of cholesterol biosynthesis, associated with a Fig. 2 Hepatocyte proliferation after PH in old and young livers. a Representative photomicrographs showing BrdU incorporation of hepatocytes in old and young mice after 2/3 PH (sections counterstained with hematoxylin, X200). Mice were subjected to PH and sacrificed 48 h later. All mice were given BrdU (1 mg/ml) in drinking water until the time of sacrifice. CO controls. b Labeling index of hepatocytes from old and young mice subjected to 2/3 PH. At least 2000 hepatocyte nuclei per liver were scored. LI was expressed as number of BrdUpositive hepatocyte nuclei/100 nuclei. Results are expressed as means±SE of four to five mice per group **Significantly different for p<0.001; NS not significant decreased expression of hydroxymethylglutaryl-CoA reductase (Hmgcr), the rate controlling enzyme of the mevalonate pathway that produces cholesterol. Finally, gene expression analysis also showed a strong downregulation of biosynthetic enzymes (Fig. 1c lower panel) , such as cytochrome P450-IIC55, P450-IIC54 (steroid metabolism), patatin-like phospholipase domain containing lipid metabolism, fatty acid-binding protein 5 (glucose metabolism), and uridine phosphorylase 2 (nucleoside metabolism). Down-regulation of these genes indicates a reduced capacity of the liver to maintain biosynthetic homeostasis, in the elderly.
Liver regeneration after PH To investigate how aging could influence the expression of cell-cycle-associated genes following a proliferative stimulus, experiments were performed in young and old mice sacrificed 48 h after PH, a time point when most hepatocytes have entered into S phase. According to previous results (Bucher et al. 1964; Fry et al. 1984; Wang et al. 2001) , while a strong proliferative response, as detected by BrdU incorporation, was observed in young mice (Fig. 2a, b) , (LI of 52.5 %±8.8), liver regeneration was severely impaired in old mice; indeed, virtually, no hepatocyte nuclei were BrdU-positive at the same time point (LI of 1.5 %±0.5). No major differences in the labeling index were found in untreated young and old mice (0.56 and 0.71 %, respectively).
Aging-related gene expression profile in mouse liver after PH RNAs from liver of young and old mice extracted 3, 6, 12, 24, and 36 h after PH were hybridized to arrays. The results showed that out of 12,751 detected transcripts, 2463 were significantly dysregulated in young and aged animals vs. controls, for at least one of the time points (FD cutoff 2.0 and FDR-adjusted P value of ≤0.05); in particular, 2270 transcripts (Supplementary Table 3) were differently expressed in both old and young animals; 138 were differently expressed only in old mice ( Fig. 3a and Supplementary Table 4 ) and 55 genes only in young mice ( Fig. 3b and Supplementary Table 5 ). These genes are involved in different biological processes, including cell cycle, cell biosynthesis, protein metabolism, and others. Due to our interest in identifying critical genes responsible for the impaired regenerative response of the liver in old animals, we focused our attention on cell cycle genes. Table 1 shows the expression of representative genes involved in the priming phase, immediate early genes, and genes involved in the G1 to S phase transition of hepatocytes. The results indicate that the expression of genes coding for cytokines involved in liver regeneration (Tnfa, Il-6), or for growth factors, such as hepatocyte growth factor (Hgf) and Transforming growth factor alpha (Tgfa), was not modified during the first 36 h after PH; as to transcription factors, while no change in the expression of nuclear factor-κB (NF-κB) was observed, signal transducer and activator of transcription factor 3 (Stat3) did show some increase compared to resting liver, but no age-related difference after PH. Moreover, no differences between young and old mouse livers were observed in the expression of Cebpa transcription factor which plays an inhibitory role in liver regeneration. A decreased expression of the cell cycle regulator Foxm1 has been suggested to be responsible for the impaired regenerative response of aged livers (Wang et al. 2001) . In agreement with these findings, our results showed that Foxm1 messenger RNA (mRNA) levels were increased only in young livers at 36 h after PH while no significant differences in gene expression were observed between hepatectomized and untreated old mice. Immediate early genes, such as early growth response-1 (Egr-1), Fos and Jun showed a similar expression profile in aged and young mice, although the levels of mRNA were significantly higher in the liver of young mice. Cdk4 and Cdk6 expression was unchanged compared to controls, while Cdk2 was upregulated at 36 h after surgery in both old and mice animals. Interestingly, while cyclin E was upregulated in both groups, the regulation of cyclin D1 after PH was completely different from all other genes examined. Indeed, while in young mice, cyclin D1 was up-regulated 12 h after PH, and its mRNA levels were found significantly elevated at all time points; thereafter, down-regulation of this gene was observed in the liver of old mice as early as 6 h after surgery and persisted for the first 24 h. qRT-PCR validation studies performed on cell cycle genes confirmed the results of the microarray analysis (Fig. 4a) , including cyclin D1 gene expression that was increased after PH in the liver of young mice but was down-regulated in old animals during the first 24 h after surgery. Accordingly, as shown in Fig. 4b , increased protein content of cyclin D1 was observed starting from 24 h after PH in young mice while, in old mice, it exhibited a decrease compared to control values for the first 24 h, its levels being elevated only at 36 h after PH. Notably, increased protein levels of cyclin D2 and D3 did not show major differences between old and young mice, their increase being evident only 36 h after PH in both groups.
YAP expression in liver regeneration of young and old mice Previously, it has been shown that YAP overexpression leads to a dramatic increase in liver size (Camargo et al. 2007 ). Moreover, an increase of YAP protein has been shown during liver regeneration post-PH (Grijalva et al. 2014) . These findings together with YAP-induced hepatomegaly in rodent liver (Dong et al. 2007; Camargo et al. 2007; Pan 2010 ) strongly suggest that YAP overexpression is associated with the re-entry of hepatocytes into the cell cycle. Microarray analysis performed in the present study showed that Yap mRNA levels did not change during the active liver regeneration occurring in young mice; however, they were increased from 6 to 24 h after PH, with a return to normal values at 36 h in old animals, despite hepatocyte proliferation was almost completely blunted (Figs. 5a and 2b) . In agreement with mRNA levels, YAP protein content was strongly enhanced in the liver of aged animals as soon as 12 h after surgery, while a weaker and delayed increase was observed in young mice. Less dramatic changes in the two groups were observed for phospho-YAP protein content (Fig. 5b) .
YAP expression is inhibited when surgery is performed in enlarged livers The finding of a sustained YAP overexpression in aged livers characterized by impaired regenerative capacity is indicative of a dissociation between cell cycle genes and YAP. Therefore, we investigated whether the enhanced YAP expression observed in the liver of old mice is the result of mechanisms that Bsense^the decreased liver mass and signal a proliferative response in an attempt to re-establish the original organ size. To better understand whether liver size dictates YAP expression, we evaluated its protein content in young mice subjected to surgery after induction of hepatomegaly by treatment with the hepatomitogen TCPOBOP (Columbano et al. 2008) . Animals were sacrificed 72 h after PH, since under this condition, hepatic mass reaches the values of the liver of intact animals within 3 days (Columbano et al. 2008) . As shown in Fig. 5c , while cell cycle proteins, such as cyclin D1 and PCNA, showed a similar expression pattern in PH and PH + TCPOBOP animals, YAP protein levels were drastically decreased in PH-enlarged livers; notably, YAP inhibition was associated with a strong increase of phospho-YAP protein levels in the same group (Fig. 5c) . Western blot analysis performed on nuclear extracts confirmed the decrease of the active form of YAP in TCPOBOP-induced enlarged livers subjected to PH (Fig. 5d ), but not in PH alone.
Discussion
Several studies have shown that the liver, an organ with a wide range of functions, undergoes specific agerelated changes, including increased hepatocyte size, Fig. 4 Cell cycle-related gene modification after PH in old and young livers. a mRNA expression was determined in old and young mice after PH by qRT-PCR and gene expression microarray. Gene expression is reported as relative quantification (RQ) or fold difference (FD) relative to age-matched controls. b Western blot analysis of cell-cycle-associated proteins. Old and young mice were sacrificed 12, 24, and 36 h after 2/3 PH. Total extracts (100 to 150 mg/lane) were prepared, and Western analysis was performed as described in BMaterials and methods^section. Appropriate loading was confirmed by staining the gel with Coomassie Blue and using anti-actin antibody as loading control. Each lane represents a pool of three livers. CO controls number of binucleated cells, and reduction in mitochondrial number (Premoli et al. 2009; Gan et al. 2011) . These changes may significantly affect liver morphology, physiology, and oxidative capacity. To further probe into the molecular changes occurring in the elderly, in the present study, we have analyzed the gene expression profile in the liver of young and aged mice. The results showed that only minor modifications take place at a transcriptional level during aging (108 genes/12,751). Most of these genes were associated with pathways, such as those related to inflammation and immune response (up-regulated) and xenobiotic and lipid and glucose metabolism (down-regulated), supporting previous data that suggest that an unbalanced stimulation/ response of the immune system, characterized by increased levels of pro-inflammatory molecules, may act as a driver of the aging process (Franceschi et al. 2000) . Our present data showing that aged liver is characterized by a striking increase in several genes associated with response to infection or systemic inflammation thus fit with the hypothesis that pathways involved in inflammation/immune response play a relevant role in hepatic cell aging.
The loss of regenerative capacity is the most dramatic age-related alteration (Timchenko 2009 ). Indeed, several studies on the regenerative response of the liver that follows 2/3 PH have shown a striking difference in both the magnitude of the peak response in DNA synthesis and the time at which the maximal DNA synthesis occurs, between young (4-8 weeks) and old (12-15 months) rats Old and young mice were sacrificed 12, 24, and 36 h after 2/3 PH. Total extracts (100 to 150 mg/lane) were prepared as described in BMaterials and methods^section. Appropriate loading was confirmed by staining the gel with Coomassie Blue and using anti-actin antibody as loading control. Each lane represents a pool of three livers. CO controls. c Western blot analysis of cyclin D1, PCNA, YAP, and phospho-YAP in livers from mice subjected to PH with or without TCPBOP pretreatment (TCP + PH and PH, respectively). Young mice were subjected to PH 3 days after treatment with the mitogen TCP, as described in BMaterials and methods^section. Animals were sacrificed 72 h after PH. Total extracts (100 to 150 mg/lane) were prepared from the livers, and Western analysis was performed as described in BMaterials and methods^section. Appropriate loading was confirmed by staining the gel with Coomassie Blue and using anti-actin antibody as loading control. Each lane represents a pool of three livers. CO controls. d Western blot analysis of nuclear YAP in TCP + PH or PH livers. Nuclear extracts for YAP (100 to 150 mg/lane) were prepared, and Western analysis was performed as described in BMaterials and methodsŝ ection. Appropriate loading was confirmed by staining the gel with Coomassie Blue and using anti-albumin antibody as loading control. Each lane represents a pool of three livers. CO controls and mice (Bucher et al. 1964; Fry et al. 1984; Wang et al. 2001) . Among the possible causes, an age-related switch from cyclin-dependent kinase inhibition to repression of E2F transcription (Iakova et al. 2003) and/or a decrease in expression of a gene coding for a critical Forkhead Box has been correlated with reduced proliferation of regenerating hepatocytes from old mice (Wang et al. 2001) . However, to date, the effect of aging on liver regeneration has not been fully elucidated and the understanding of the molecular early changes occurring during liver regeneration in young vs. old mice remains elusive.
In particular, the finding that aged hepatocytes thoroughly maintain their replicative capacity following mitogenic stimuli (Ledda- Columbano et al. 2004) suggests that the depressed replicative response observed in aged rodent liver after PH results from lowered levels of extra-cellular factors, such as growth factors and/or hormones, rather than from intrinsic changes within the cell. In agreement with this, our present work found that the expression of several early changes, considered to be essential for liver regeneration (Yamada et al. 1997; Cressman et al. 1996; Michalopoulos and DeFrances 1997) , is essentially similar in regenerating (young mouse) and non-regenerating (old mouse) liver. Indeed, the expression of immediate early genes, such as Jun, Fos, and Egr-1, was not significantly different in aged vs. young animals when compared to age-matched controls. Moreover, no significant differences were observed in the expression of cytokine genes such as Tnfa and Il-6 or growth factors such as Hgf or Tgfa. PathwayStudio analysis also showed no difference in transcription factor-dependent pathway, such as those classically involved in liver regeneration (NF-κB, Stat3, AP-1). In this context, the NRF2-Keap1 pathway recently involved in liver regeneration after PH (Beyer et al. 2008; Köhler et al. 2014 ) was also not differently affected in aged vs. young livers, as indicated by a similar expression of target genes such as thioredoxin, heme oxygenase-1, and Nqo2.
It was recently reported that elevated interferon gamma signaling contributes to impaired regeneration in the aged liver (Singh et al. 2011 ). Our present study was unable to confirm this finding; it is likely that the different results may depend on the different strain of mice (CD-1 vs. CB6F1) or to the different gender used. On the other hand, we found that while the hepatic expression of cyclin D1, determined either as mRNA or protein, was up-regulated 24 h after PH in young mice, it was profoundly down-regulated in aged livers at the same time point. Interestingly, no such difference was observed for cyclin D2 and cyclin D3, Cdk4 and Cdk6, and for the cell cycle inhibitors p21 and p16 mRNA levels. These results suggest that down-regulation of cyclin D1 may play a critical role in the impaired regenerative response in elderly.
A novel finding of the present study was the increased expression of YAP in the livers of old mice after surgery, in spite of the impaired regeneration observed in the elderly. The co-transcriptional activator YAP has been shown to be involved in proliferative signals, and its increase leads to hepatomegaly and, when sustained, to HCC development. However, the role of YAP in liver regeneration after 2/3 PH remains elusive. Indeed, only a few studies have analyzed YAP expression during liver regeneration in not genetically modified animals (Grijalva et al. 2014; Wang et al. 2012) . Thus, while YAP activation is thought to simply reflect the cell cycle progression, a strict correlation between YAP expression and liver size in non-transgenic mice has not been clearly established. In our view, the finding that YAP expression is increased in non-regenerating aged livers and is inhibited when PH is performed on enlarged livers suggests that YAP expression does not necessarily mirror cell cycle gene expression but is more likely organ size-dependent. The finding that a robust and persistent YAP expression is found in the liver of aged animals, in spite of impaired hepatocyte regeneration, is intriguing; although no clear explanation at present is available, one may speculate that the impairment of liver regeneration during aging could lead to a sustained recruitment of proteins, such as components of the Hippo pathway that sense the decreased liver mass and signal a proliferative response in an attempt to re-establish the original liver size. In support to the concept of a role of YAP as size and not cell cycle regulator, when we analyzed YAP expression after PH performed on enlarged livers, at a time at which liver size is already restored, we found that YAP was inhibited, despite a massive proliferative response, concomitantly with a strong increase of the phospho-YAP protein.
In conclusion, the present study showed that (i) only a relatively small number of genes are transcriptionally modified during the aging process in mouse liver, (ii) modification of the expression of genes classically associated with the entry into the cell cycle with the exception of cyclin D1 is unlikely responsible for the impaired liver regeneration observed in the elderly, and (iii) sustained YAP activation occurring during liver regeneration in aged mice is likely a homeostatic mechanism triggered to compensate for the liver inability to rapidly recover its original mass.
